Abstract One type of light-induced response (photopic L-type 5-potential) recorded from isolated carp (Cyprinus carpio) retinas was identified by its spectral response and later confirmed by morphological localization of the recorded sites ionophoretically marked by a fluorescent dye, Lucifer yellow. Such L-type S-potentials could be recorded from the soma and from the axon terminal of external horizontal cells. The spatial property of the S-potentials from the soma was compared with that recorded from the axon terminal by enlarging the diameter of a light spot (0.25 to 4.0 mm) and by displacing the spot (0.5 mm dia.) along a straight 4-mm line which passed over the recording point at the middle. The half decay distance of decremental amplitude with spot displacement was significantly (P<0.001) shorter in recordings from the soma than from the axon terminal, indicating that the spatial summation is less in the soma than in the axon terminal. The spatial summation was found to be greater in response to longer wavelengths than to shorter wavelengths for the two parts of the cell. Therefore, the soma and axon terminal appear to function as a single unit with respect to spectral information, but as two separate units with respect to spatial information. Electrical and dye couplings are assumed to take place at two different (cell body and axon terminal) levels, possibly being separated by the high resistance of the slender axon in the carp retina.
. The amplitude of S-potentials recorded from horizontal cells has been shown to increase monotonously with enlarging area of illumination over the retinal surface (ToMITA et al., 1958; NORTON et al., 1968) . It has been assumed that this characteristic spatial property of S-potentials is due to a lateral spread phenomenon via gap junctions. RAMON Y CAJAL (1893) classified horizontal cells in the teleost fish retina into three (external, intermediate, and internal) horizontal cells (being named in order from the photoreceptor side) on the basis of their depth location and morphology. In electron microscopic studies, STELL (1975) with the goldfish showed that the internal horizontal cell layer is composed of axon terminals of horizontal cells; these axon terminals have no direct contact with the photoreceptors. Many invesigators (KANEKO, 1970; MITARAI et al., 1974; HASHIMOTO et al., 1976; WEILER and ZETTLER, 1979) have reported that the same spectral response type (photopic L-type S-potential) can be recorded from external horizontal cell bodies and their axon terminals (in the internal horizontal cell layer) in the fish retina, although KANEKO (1970) pointed out that the spatial summation of S-potentials recorded from the two layers is quite different in the goldfish. A similar phenomenon was found involving S-potentials in the catfish retina by MARMARELIS and NAKA (1972) and DAVIS and NAKA (1980) . In the carp retina, however, the difference in spatial property was found to be absent from S-potentials recorded from the soma and the axon terminal of external horizontal cells (HASHIMOT0 et al., 1976; WEILER, 1978; WEILER and ZETTLER, 1979) .
Looking at the problem from the above point of view, the present experiment examined and statistically compared the spatial properties of photopic L-type 5-potentials separately recorded from the soma and from the axon terminal of external horizontal cells in the isolated carp retina.
METHODS
Preparation, intracellular recording, and marking. The experiments were performed on isolated retinas of the carp (Cyprinus carpio). The fish were darkadapted for 1 hr before enucleation to facilitate the separation of the retina from the pigment epithelium. The retinas were isolated under dim red light and placed, receptor side up, in a transparent chamber through which humidified oxygen was circulated at room temperature (20-22°C).
Intracellular recordings were made by means of glass micropipettes filled with a 4 % Lucifer yellow (LY) solution. The electrodes had a resistance of about 200 Ml after their tips were beveled. Cell penetration with a microelectrode was facilitated by producing an oscillation of the preamplifier circuit, caused momentarily by an excess positive feedback. Intracellularly recorded potentials were led into a high input impedance preamplifier (W-P Inst. M707), and then exhibited on an oscilloscope and stored on an analog magnetic tape. The dye (LY) was LATERAL   SPREAD  OF S-POTENTIAL  IN CARP RETINA  419 ionophoretically injected into a recorded cell with a sinusoidal current (4 cycles/ sec) of ± 10 nA for 15 sec. For each retinal preparation, 3-4 cells generating the photopic L-type S-potential were marked with LY. Light stimuli. The isolated retinas were stimulated by a light beam from a 500 W xenon arc lamp. Monochromatic lights, 423, 459, 517, 575, 621 , and 674 nm, were obtained by narrow-band interference filters in the path of the stimulating light beam. The size of the light spot on the retinal surface varied from 0.25 to 4.0 mm in diameter. The intensity of the light was attenuated by interposition of neutral density filters, covering a range of 4.0 log units, in the light path. All monochromatic lights were equalized in quantum with a digital photometer (Tektronix, , and the unattenuated (0 log unit) light beam, when brought to a focus at the surface of the retina, was 8.3 x 1012 quanta/(cm2 . sec). This red light spot of 2.8 mm in diameter at an intensity of -1.5 log units was usually used for central illumination during microelectrode penetration. In order to classify a recording cell, the stimulus wavelengths were varied from 423 to 674 nm. Square wave pulses of light (1.0 sec in duration) were produced by an electromagnetic shutter driven by logic circuitry and repeated at 4.0-sec intervals. A light spot of 0.5 mm in diameter was displaced in steps of 0.25 or 0.5 mm along a straight line of 4.0 mm in length, passing over a recording point at the middle. The change in wavelength and in spot diameter as well as the spot displacement were controlled automatically by independent switch systems. These recording and photostimulator systems were the same as those described in an earlier paper (TERANISHI et al., 1982) .
Histochemical procedure. After 3-4 cells were injected with LY in each preparation, the retinas were kept in darkness for 30 min, fixed for several hours in a paraformaldehyde (4 %)-glutaraldehyde (0.5 %)-sucrose (35 %) solution (FGS solution) , and then flatmounted with the vitreal side facing upwards on a glass plate. After intracellularly maked cells with LY were examined with half dried flatmounts under a fluorescence microscope (Nikon EF), the preparations were softened again in the FGS solution, and then subjected to cryosection to 15 ,im thickness. The retinal sections were dried over Zeolite (Wako) in a desiccator for several hours, sealed with Entellan (Merck), and again examined under the fluorescence microscope. In this manner, LY-marked cells and dopaminergic cells were simultaneously seen in both flatmounts and cryosections of the same retinal preparations. The histochemical procedure has been described in detail elsewhere (NEGISHI et al., 1981; TERANISHI et al., 1983) .
RESULTS
Photopic L-type responses recorded from the soma or axon terminal Photopic L-type S-potentials were identified by their spectral responses and later confirmed by morphological localization of the recorded sites marked by LY. The recordings and LY-marked sites were correlated in each retinal preparation.
Because of dye-coupling between horizontal cells via gap junctions, the dye injected into a recording cell was usually found to diffuse into several neighboring cells (STEWART, 1978 ; KANEKO and STUART, 1980) . When a cluster of several cell bodies in flatmounts was seen to stain with LY ( Fig. 1A) occasionally accompanied by the appearance of a weakly stained axon terminal, we judged that the response was recorded from one of the cell bodies stained. On the other hand, if a few axon terminals were strongly fluorescent ( Fig. 1B) with the occasional appearance of weakly stained cell bodies, we judged that the response was recorded from one of the axon terminals stained. It was also certain during electrophysiological examinations that the responses from the soma were recorded at a level slightly distal to the level at which they could be obtained from the axon terminal. Although 3-4 cells were marked with LY in each preparation, approximately 30 % of the stained sites (41 somata and 25 axon terminals) in 54 retinas could be retrieved in proper correspondence with the recordings. Figure 2 illustrates a representative recording from the soma (SO at the upper row) and axon terminal (AT at the lower row). Traces A-C show, from left to right, their spectral responses, the incremental response amplitude with increasing spot diameter, and the decremental amplitude with spot displacement.
The spectral responses of photopic L-type cells to a 2.8-mm dia. spot at -1.5 log units were hyperpolarizing to all monochromatic lights, having a maximum amplitude at 621 nm (Amax) (Fig. 2A) . For the following statistical treatment, 10 representative samples were chosen in each case mainly on the basis of steadiness and regularity in recording. Irregular decay curves of S-potential amplitude with spot displacement were observed in some cases. At present, it is hard to determine whether they were due to the proper characteristics of the recording cell or to distortion depending on surface conditions of a retinal preparation (e. g, presence of blood capillary, residual pigment epithelium, injured or waved surface in the illuminated spot). These cases were omitted from the present treatment. The mean amplitude (+S.D.) on the peak responses was 19.8+2.6 mY for the soma and 17.5+2.0 mY for the axon terminal. In Fig. 2B , if the amplitude ratio of the largest response to the 4-mm dia. spot versus the smallest response to the 0.25-mm dia. spot is calculated, it becomes 10 and 24 for the soma and the axon terminal, respectively. These values may indicate that the summation area is larger in the axon terminal than in the soma (KANEKO, 1970) .
The amplitude decrement with spot displacement (Fig. 2C) was exponential, showing a peak response at the recording point (0 mm). The mean amplitude S.D.) of the peak response (n=10) to a 0.5-mm dia. spot of 621 nm at -0.5 log Fig. 1 . Fluorescence photomicrographs of external horizontal cell bodies (A and B) and of their axon terminals (C and D), which generated photopic L-type S-potentials (see Fig.  2A ) and were marked by ionophoretic injection of Lucifer yellow. A and C are taken from flatmounts, while B and D were taken from cryosections. In C, small fluorescent cells seen scattering in the field are dopaminergic neurons (DA). Scales, 25 µm. Notice the magnification in C is lower than that in the others. 3 . Normalized curves of the data obtained from the diameter change series (arearesponse amplitude relation) (column A) and from the spot displacement series (potential decay curve with distance) (column B). The upper set was made of 10 recordings from the soma (SO), and the lower set of 10 recordings from the axon terminal (AT) of external horizontal cells. The maximal amplitude of responses was considered in 100 on both series of experiments. Vertical lines associated with solid circles (means) indicate the maximal deviations. A 621-nm spot was used at -1.5 log units in column A, while a 621-nm 0.5-mm dia. spot used at -0.5 log units in column B. units was 8.3+1.0 mV for the soma and 6.1 + 1.1 mV for the axon terminal. Therefore, the amplitude of responses at the recording point (at 0 mm) was consistently larger in the soma than in the axon terminal, although the spatial summation appeared to be greater in the latter than in the former (cf. both decremental curves in Fig. 2C ; see also Fig. 3) . Figure 3 shows normalized curves of the incremental amplitude with increasing 621-nm spot diameter (A) and of the decremental amplitude with spot (621 nm) displacement (B); each was drawn by plotting the mean values obtained from 10 representative recordings of the soma (S0, upper set) and of the axon terminal (AT, lower set). The spatial summation curve (A) is approximately linear for both the soma and axon terminal, whereas the decremental amplitude curve (B) is sharper in the soma than in the axon terminal. The half decay distance of the S-potential amplitude obtained from the curves (Fig. 3B ) is approximately 0.8 and 1.25 mm for the soma and the axon terminal, respectively (see also Fig. 6A ).
Wavelength-dependent decrement of S -potential amplitude with spot displacement
In order to explore the spatial property of S-potentials, the spot displacement procedure appeared to be better than the increase in spot diameter (TERANisxt et al., 1982) , as also seen in Fig. 3 . In an experiment illustrated in Fig. 4 , the spectral response of an external horizontal cell (soma) was recorded at different A similar wavelength dependency in the amplitude decrement with spot displacement was also found in the S-potential recordings from the axon terminal. Figure 5 compares the normalized mean curves (+ maximal deviation) drawn from recordings of 10 somata (upper row) and from 10 axon terminals (lower row) with a spot of 459 nm (left) and 621 nm (right). The half decay distance is longer in the responses to 621 nm than to 459 nm for both the soma and axon terminal, and also longer in the recordings from the axon terminal than from the soma with both the 621-and 459-nm spots. . Normalized mean curves (± maximal deviations) of the decremental amplitudes with spot displacement, obtained from 10 representative somata (SO, upper row) and axon terminals (AT, lower row). A 0.5-mm dia. spot of 459 nm (A) and of 621 nm (B) was used at 0 log unit. The maximal amplitude of response at 0 mm was considered as 100% in each case. In these cases, the mean value of the maximal amplitude was 7.5 ±2.1 (S.D.) mV for the soma (SO) and 4.5±1.2 mV for the axon terminal (AT) when the 459-nm spot was used (A), whereas it was 12.6±3.1 mY for the soma and 9.5± 2.8 mV for the axon terminal when the 621-nm spot was used (B).
Comparison of half decay distances obtained for the soma and axon terminal The half-decay distances of spread S-potential amplitude obtained from the soma and the axon terminal, respectively, are statistically treated and compared with each other (Fig. 6) . The data indicate the following : (i) the half decaydistance is shorter in the soma than in the axon terminal, (ii) it is longer in response to 621 nm than to 459 nm for both soma and axon terminal, and (iii) when the stimulus intensity is increased, it becomes longer (cf. Fig. 6A and C) .
DISCUSSION
The present study is an extension of our earlier experiment (TERANrsxi et al., 1982) , using an intracellular marking technique with Lucifer yellow (LY) and dealing with photopic L-type S-potentials recorded from the soma or the axon terminal of external horizontal cells in the isolated carp retina. The present results indicate : (i) the spatial summation of photopic L-type S-potentials is significantly less when the response is recorded from the soma than when recorded from the axon terminal, (ii) the spatial summation of both the soma and axon terminal is greater for responses to longer wavelengths than for those to shorter wavelengths, The samples used in A are those used in Fig. 3 , while the samples in B and C are the ones dealt with in Fig. 5A and B, respectively. In A (a 621-nm spot of 0.5-mm dia. at -0.5 log units), the half decay distances obtained are 0.93 ±0.1(S.D.) and 1.32+0.19 mm for the soma (SO) and the axon terminal (AT), respectively; the difference is statistically significant (P<0.001 with Student's t-test). When a 459-nm spot of 0.5-mm dia. at 0 log unit is used (B), the values are 0.76±0.1 mm for the soma and 1.12±0.14 mm for the axon terminal (P<0.001).
If the wavelength is changed to 621 nm in the same situaion (C), the values become 1.25±0.14 mm for the soma and 1.72±0.26 mm for the axon terminal; the difference is also significant (P<0.001).
(iii) the amplitude of the soma potential at the recording point is slightly but consistently larger than that of the terminal potentials, and (iv) the dye injected into a cell body or an axon terminal readily diffuses into several neighboring cell bodies or axon terminals, whereas it does not easily diffuse from cell bodies to axon terminals and vice versa. The first point (i) was observed in the goldfish retina by KANEKO (1970) but later denied in the carp retina by HASHIMOTO et al. (1976) , although the parameter considered was different in those studies. If the electrical coupling is more effective at the terminal level than at the cell body level (KANEKO, 1970; MARMARELIS and NAKA, 1972) , the spatial summation would be larger at the former than at the latter. The spatial dimension of the retinal area covered by dye-diffused axon terminals was always wider (3-to 4-fold) than that occupied by dye-stained cell bodies. The second point (ii) has been frequently discussed without firm literature (e. g. NEGISHI,1971) . A feedback signal via red-sensitive cones from external horizontal cells to themselves may be responsible for the larger summation of L-type S-potentials in response to longer wavelengths than to shorter ones. Based on the present findings, a large number of photopic L-type 5-potentials, dealt with in an earlier paper (TERANISHI et al., 1982) , might have been recorded from the axon terminal, because the decremental amplitude curve with spot displacement was comparable to that obtained from the axon terminal potential. The present results, however, do not clarify the mechanisms underlying the above four phenomena observed.
A slender axon connects the distal layer of the external horizontal cell with the proximal layer of its axon terminal, the two layers being electrically coupled at each level (KANEKO and STUART, 1980) . Since no direct contacts have been found between the axon terminal and photoreceptors (STELL, 1975; WEILER, 1978) , the S-potentials recordable from the axon terminal, which are spectrally identical to those recorded from the cell body, must be conducted from the cell body to the axon terminal. Although the distance between the two parts of single horizontal cells is 400 to 500 ,um, the amplitude of S-potentials is similar in both parts, indicating that the signals are conducted without much reduction. From these findings, WEILER and ZETTLER (1979) and WEILER (1981) have suggested that an active mechanism of the slender axon with a high conduction resistance may contribute to this phenomenon, which cannot be explained simply on the basis of cable theory. The present experiments demonstrated that when the dye (LY) was ionophoretically injected into a soma, it readily diffused into several neighboring external horizontal cell bodies but did not appear to spread easily to their axon terminals. On the other hand, when the dye was similarly injected into an axon terminal, it readily diffused into some neighboring axon terminals with a minute spread to their somata. These facts were the criteria for determining the recorded sites histochemically in the present study. Such an appearance of dye-coupling indicates that the dye injected into either the soma or axon terminal does not pass 
